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ABSTRACT:  The  modular  synthesis  and  lithographic  potential  Hydrophobic  Hydrophilic  Feature  Sizes: 
of  diblock  copolymers  based  on  polystyrene-Wocfc-poly(2-ethyl-2-  *  .  • 

oxazoline)  (PS-b-PEtOx)  are  highlighted  herein.  Controlled 
radical  and  living  cationic  polymerization  techniques  were  utilized 
to  synthesize  hydrophobic  PS  and  hydrophilic  PEtOx  building 
block  of  varying  molar  mass.  Subsequently,  “click”  chemistry  was 
used  to  couple  the  blocks  and  obtain  a  family  of  PS-b-PEtOx 
polymers.  The  influence  of  molar  mass,  composition,  and  thin-film 
thickness  on  the  microphase-segregated  morphology  and 
orientation  were  investigated  with  atomic  force  microscopy 

(AFM)  and  grazing  incidence  small-angle  X-ray  scattering  (GISAXS).  Dense  hexagonal  arrays  of  cylindrical  nanodomains 
normal  to  the  substrate,  having  a  periodicity  of  less  than  20  nm  were  obtained. 


Mn>  11,500 


The  microelectronics  industry  has  driven  advancements  in 
nanopatterning  strategies  to  obtain  high-density  devices,  which 
continue  to  have  a  tremendous  impact  on  information 
technology,  communications,  and  health  care.  Top-down 
approaches  have  traditionally  been  the  method  of  choice; 
however,  bottom-up  strategies  offer  many  advantages,  especially 
for  accessing  nanoscale  features.1-8  Block  copolymers  (BCPs) 
can  be  designed  to  phase-segregate  under  various  conditions, 
including  external  stimuli  such  as  electric  or  magnetic  fields,  or 
be  guided  epitaxially  to  obtain  long-range  order  and  complex 
patterns.  -  The  modularity  of  these  systems  can  be  further 
exploited  through  orthogonal  chemical  modifications  and 
controlled  polymerization  techniques  to  enhance  phase 
segregation,  tune  the  morphology,  and  introduce  function¬ 
ality.9,12  15  The  phase-separated  domains  obtained  by  BCP 
self-assembly  are  directly  related  to  the  size  of  the  polymer 
(degree  of  polymerization,  N),  which  can  be  controlled  during 
the  synthesis  of  the  respective  blocks.  Along  this  vein,  the  phase 
segregation  of  the  blocks  depends  on  the  Flory— Huggins 
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interaction  parameter  (/),  which  can  be  optimized  by 
increasing  the  molar  mass  of  each  block  or  by  changing  the 
chemical  composition  of  the  blocks  to  maximize  their  repulsion 
energy.  6  For  microphase  separation  to  occur,  the  product  of  N 
and  /  must  be  larger  than  a  critical  value.  BCP  self-assembly  has 
enabled  access  to  features  with  domain  spacing  (d-spacing) 
within  the  range  of  15—200  nm.6,17,18  Reducing  the  feature 
sizes  accessible  to  BCP  lithography  is  of  particular  interest  for 
lithographic  applications.  However  the  challenge  is  that  high 
molar  mass  BCPs  generally  lead  to  features  having  a  d-spacing 
>30  nm,  while  low  molar  mass  BCPs  tend  to  become  miscible, 
particularly  when  the  volume  fractions  are  mismatched. 
Recently,  Ellison,  Willson,  and  co-workers  developed  a  novel 
strategy  to  align  low  molar  mass  BCPs  with  high  repulsion 
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interactions,  which  tend  to  preferentially  orient  along  a  given 
interface,19  by  using  a  top  coat  to  neutralize  the  top  interface 
and  to  induce  perpendicular  order  leading  to  sub- 10  nm 
features.20  The  success  of  this  strategy  provides  added  incentive 
for  developing  new  materials  with  strongly  phase-segregating 
domains  that  avoid  the  use  of  neutralization  layers  to  obtain 
BCPs  that  maintain  segregation  at  low  molar  masses  for  high- 
density  arrays  with  sub- 10  nm  features. 

To  date,  the  most  widely  known  BCPs  having  strong  phase- 
segregation  interactions  are  polystyrene-fe-poly(4-vinylpyridine) 
(PS-HP4VP)  and  polystyrene-fe-polydimethylsiloxane  (PS -b- 
PDMS),  in  addition  to  triblock  copolymers  of  polylactide  and 
PDMS. 8,21,22  Since  the  driving  force  for  phase  segregation  in 
polystyrene-i)-poly(ethylene  oxide)  (PS-b-PEO)  is  less  than  the 
systems  above,  we  have  previously  found  that  changing  the 
architecture  from  linear  to  cyclic  PS-fe-PEO  can  yield  cylindrical 
morphologies  with  d-spacing  ca.  19.5  nm  by  solvent 
annealing.”'  However,  these  cyclic  polymers  are  difficult  to 
synthesize  in  large  scale.  Given  the  limited  access  to  strongly 
phase-segregating  BCPs  and  the  need  to  reliably  obtain  dense 
arrays  exhibiting  sub-20  nm  resolution,  a  new  materials  system 
based  on  BCPs  composed  of  PS  and  a  hydrophilic  block 
derived  from  poly(2-oxazoline)  (POx)  is  described  herein. 

Since  the  development  of  cationic  rin^-opening  polymer¬ 
ization  (CROP)  of  2-oxazolines  in  1966,24  "7  prohibitively  long 
reaction  times  have  precluded  the  widespread  adoption  of  POx 
derivatives  as  building  blocks  for  a  wide  range  of  polymeric 
systems.  In  the  past  decade,  studies  involving  POx  have 
experienced  a  resurgence  due  to  the  significant  acceleration  of 
polymerization  times  from  days  to  minutes  through  microwave 
irradiation.28  30  Furthermore,  the  living  character  of  these 
microwave-accelerated  polymerizations  enables  a  high  degree  of 
control  over  end-group  functionality  through  the  exploitation 
of  functional  initiators  or  via  terminating  agents  and 
postpolymerization  modifications.31  -35  Another  attractive 
feature  of  POx  polymers36  is  the  structural  versatility  inherent 
through  changing  the  substituent  at  the  2-position  of  the 
monomer  which  leads  to  materials  exhibiting  drastically 
different  properties.37-41  In  particular,  polymers  of  2-methyl- 
2-oxazoline  (MeOx)  and  2-ethyl-2-oxazoline  (EtOx)  are  of 
considerable  interest  due  to  their  remarkably  similar  properties 
to  PEO,  especially  with  respect  to  biomedical  applications.42-44 
Analogous  to  PEO,  PMeOx  and  PEtOx  are  water-soluble  and 
undergo  strong  phase  separation  from  PS.  However,  unlike 
PEO,  these  polymers  are  not  crystalline  and  are  thus  attractive 
for  thin-film  processing. 

To  probe  the  self-assembly  behavior  of  PS-b-PEtOx,  a  family 
of  BCPs  was  synthesized  in  a  modular  fashion  by  coupling  azide 
end-functionalized  PS  and  alkyne-terminated  PEtOx  through 
copper-catalyzed  azide— alkyne  cycloaddition  (CuAAC)  with 
different  molar  masses  and  volume  fractions.45'46  These 
materials  were  then  examined  as  BCP  templates  for  the 
fabrication  of  sub-20  nm  features. 

The  initial  synthetic  challenge  in  this  study  was  the 
development  of  a  versatile  and  efficient  procedure  for  the 
synthesis  of  PS-b-PEtOx  diblock  copolymers.  Since  each  block 
requires  different  polymerization  techniques  which  are  non¬ 
trivial  to  execute  sequentially,  blocks  of  PS  and  PEtOx  were 
prepared  individually  with  functional  azide  and  alkyne  end 
groups,  respectively,  that  can  then  be  coupled  via  a  CuAAC 
reaction  (Scheme  l).  Both  controlled  radical  polymerization 
(CRP)  and  CROP  techniques  allow  for  the  straightforward 
introduction  of  end  group  functionalities,  a  strategy  that  has 


Scheme  1.  Schematic  Representation  of  the  Polymerization 
Techniques  Applied  for  the  Synthesis  of  Individual  Building 
Blocks  and  the  CuAAC  Reaction  of  the  Corresponding  End- 
Functionalized  Blocks" 


atom  transfer  radical  cationic  ring-opening 

polymerization  (ATRP)  polymerization  (CROP) 


CuBr, 

PMDETA, 

115°C 


MeOTs, 

CH3CN, 

140°C, 

microwave 


NaN3 

DMF, 

25°C,  24  hr 


hexynoic  acid, 
NEt3 

70°C,  16  hr 


aPMDETA  =  N,N,N/,N//,N//-pentamethyldiethylenetriamine,  NaN3  = 
sodium  azide,  DMF  =  dimethylformamide,  MeOTs  =  methyl  tosylate, 
CH3CN  =  acetonitrile,  NEt3  =  triethylamine,  THF  =  tetrahydrofuran. 


been  previously  employed  to  yield  architectural  variations  of 
polymers,47,48  e.g.,  end  group  functionalized  vinyl  and  oxazo- 
line-based  homopolymers.49  51  Well-defined,  chain-end  func¬ 
tionalized  PS  derivatives  were  therefore  synthesized  by  atom 
transfer  radical  polymerization  (ATRP)  followed  by  displace¬ 
ment  of  the  bromide  chain-end  with  sodium  azide  to  yield  the 
required  azide-functional  end  group.52,53  The  PEtOx  block  was 
functionalized  with  a  complementary  alkyne  by  direct 
termination  of  the  living  cationic  species  with  hexynoic  acid 
leading  to  an  ester  linkage,  thereby  providing  a  potential 
degradable  linker  in  contrast  to  initiation  with  propargyl 
tosylate.34,54,55 

To  attain  sub-20  nm  features,  low  molecular  weight  PS-b- 
PEtOx  BCPs  were  synthesized,  as  summarized  in  Table  1.  Four 


Table  1.  Sample  Characteristics  of  PS-b-PEtOx  Diblock 
Copolymers 


sample 

molar 
masspEtQx 
[g  mol 

molar 
massPS 
[g  mol-1] 

molar 
masstot/ 
[g  mol  :] 

Mb 

[g  mol  l] 

PDlb 

/  PEtOx 

BCP1 

6000 

13000 

19000 

17000 

1.24 

30 

BCP2 

4000 

13000 

17000 

16000 

1.18 

22 

BCP3 

2000 

13000 

15000 

14000 

1.20 

12 

BCP4 

2000 

10000 

12000 

11500 

1.10 

16 

“Theoretical;  calculated  based  on  the  molar  mass  obtained  for  the 
individual  building  blocks.  ^Determined  by  SEC,  eluent:  CHC13. 
“Volume  fraction  (/?PS  =  1.05  g  cm-3,  /?PEt0x  =  1-14  g  cm-3).56 
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BCPs  with  varying  molar  mass  were  prepared  with  volume 
fractions  of  PEtOx  ranging  from  12  to  30%:  BCP1  (PS13k-b- 
PEtOxaJ,  BCP2  (PS13k-b-PEtOx4k),  BCP3  (PS13k-b-PEtOx2k), 
and  BCP4  (PS10k-b-PEtOx2k).  The  efficiency  of  the  CuAAC 
coupling  and  ease  of  purification  by  simple  precipitation  in  cold 
methanol  to  remove  the  slight  excess  of  PEtOx  are  evidenced 
by  the  monomodal  shape  of  the  size  exclusion  chromatography 
(SEC)  traces  and  the  narrow  polydispersity  index  (PDI)  values 
of  the  final  BCPs  (Figure  l).  *H  NMR  spectroscopy  analysis 


g  f  e  d  c  b  a 


Vel(mL) 

Figure  1.  SEC  traces  of  PEtOx  obtained  by  microwave-assisted 
cationic  ring-opening  polymerization  (a,  PEtOx2(c;  b,  PEtOx4k;  c, 
PEtOx6k)  and  the  corresponding  block  copolymers  after  CuAAC 
coupling  (d,  BCP4  (PS10k-b-PEtOx2k);  e,  BCP3  (PS13k-b-PEtOx2k);  f, 
BCP2  (PS13k-b-PEtOx4k);  g,  BCP1  (PSl3k-b-PEtOx6k)). 


illustrates  the  decreasing  mole  fraction  of  PEtOx  relative  to  PS 
from  BCP1  to  BCP3  (Supporting  Information,  Figure  Si), 
which  correlates  well  with  the  SEC  values  (Table  l),  further 
confirming  the  fidelity  of  this  approach. 

The  thermal  properties  of  BCP1— BCP3  were  investigated 
using  differential  scanning  calorimetry  (DSC)  (Figure  2).  For 


Figure  2.  DSC  curves  of  BCP1  (PSI3k-b-PEtOxfik),  BCP2  (PS13k-b- 
PEtOx4k),  and  BCP3  (PS13k-b-PEtOx2k)  demonstrating  the  presence 
of  two  glass  transition  temperatures,  as  outlined.  The  curves  were 
obtained  during  the  third  heating  run. 
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immiscible  and  partially  miscible  systems,  two  distinct  glass 
transition  temperatures  (Tg)  are  expected.  Here,  all  three  BCPs 
exhibited  two  independent  Tg  values  at  ca.  60  °C  and  ca.  100 
°C,  which  can  be  assigned  to  the  individual  blocks,  PEtOx  and 
PS,  respectively.  Notably,  two  Tg’s  were  observed  for  BCP3 
which  possesses  the  shortest  PEtOx  block  and  lowest  volume 
fraction  of  PEtOx  (2,000  g  mol-1,/PEt0x  =  12).  With  decreasing 
volume  fraction  of  the  PEtOx  block,  the  corresponding  Tg 
became  less  pronounced,  while  the  higher  volume  fraction  PS 
block  was  still  clearly  visible.  In  addition,  none  of  the  BCPs 
displayed  any  melting  transition  up  to  140  °C,  further 
confirming  their  amorphous  character.  Significantly,  the 
presence  of  two  T  ’ s  for  all  the  PS-b-PEtOx  diblock  copolymers 
supports  strong  segregation  between  the  PEtOx  and  PS 
domains. 

The  thin-film  surface  morphologies  of  these  systems  were 
initially  examined  by  atomic  force  microscopy  (AFM).  BCP 
solutions  were  first  spin-cast  onto  silicon  substrates  with  the  as- 
cast  films  of  all  BCPs,  BCP1— 4,  displaying  featureless  surfaces 
(Supporting  Information,  Figure  S2a).  The  films  were 
subsequently  annealed  at  room  temperature  in  a  saturated 
toluene  atmosphere  and  quenched  in  a  high  humidity  chamber, 
at  approximately  90%  relative  humidity.  It  should  be  noted  that 
exposure  of  the  films  to  ambient  humidity  was  not  sufficient  to 
induce  the  formation  of  perpendicular  structures  (Supporting 
Information,  Figure  S2b),  and  this  reliance  on  quenching  at 
high  humidity  has  been  demonstrated  to  be  crucial  for  the 
formation  of  highly  ordered  arrays  of  nanostructures  normal  to 
the  substrate  in  PEO-based  copolymers.57  Considering  that  the 
hydrophilicity  of  PEtOx  is  comparable  to  PEO,  observation  of 
similar  behavior  for  the  PS-b-PEtOx  systems  is  not  surprising. 
AFM  images  of  annealed  films  of  BCP1— BCP4  revealed 
ordered  structures  with  ca.  20  nm  d-spacings  and  sub-20  nm 
features  (Figure  3,  Table  2,  and  Figure  S2,  Supporting 
Information).  Although  hexagonally  packed  cylinders  were 
observed  after  12  h  of  solvent  annealing  for  BCP1,  defects 
diminished,  and  long-range  ordering  improved  for  thin  films 
annealed  for  24  h;  however,  prolonged  annealing  times  (48  h) 
did  not  lead  to  any  further  increase  in  ordering.  In  each  case, 
the  thin-film  morphology  was  also  not  affected  by  film 
thickness  up  to  200  nm. 

To  determine  the  influence  of  PEtOx  volume  fraction  on 
microphase  segregation,  three  BCPs  with  identical  PS  block 
length  (13  000  g  mol-1)  were  compared  under  identical 
conditions.  For  BCP1  and  BCP2,  nanoscopic  domains  of 
PEtOx,  which  appear  darker  in  the  AFM  height  image, 
embedded  in  a  matrix  of  PS  were  evident  from  thin-film 
studies.  In  contrast,  BCP3  with  a  PEtOx  volume  fraction  of 
12%  showed  low  contrast  in  the  AFM  images  (Figure  3). 
Previously,  the  strong  contrast  of  PS-b-PEO  films  was  ascribed 
to  surface  dimples;  i.e.,  the  hydrophilic  PEO  domains  were 
selectively  swollen  by  water  vapor,  and  then  the  PEO  chains 
collapsed  after  evaporation  of  water.47  Hence,  the  difference 
between  BCP1/BCP2  and  BCP3  results  from  a  morphology 
change  as  the  volume  fraction  of  PEtOx  decreases  with  BCP3 
forming  spheres  rather  than  cylinders.  Assuming  that  arrays  of 
hemispheres  were  formed  at  the  surface,  the  chain  collapse 
would  be  less  pronounced  than  cylindrical  structures  due  to  the 
geometric  confinement  of  hemispheres,  leading  to  the  lower 
contrast  observed  for  BCP3  when  compared  to  BCP1/BCP2 
(cylindrical  morphology).  This  rationale  is  further  reinforced  by 
BCP4,  which  was  designed  to  have  a  shorter  PS  block  (10  000 
g  mol-1)  while  maintaining  the  identical  PEtOx  block  (2000  g 
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Figure  3.  Representative  AFM  height  images  of  the  thin  films  (80  nm)  of  BCP1  (a),  BCP2  (b),  BCP3  (c),  and  BCP4  (d)  upon  annealing  in 
saturated  toluene  vapor  for  24  h.  Scale  bar  =100  nm. 


Table  2.  Characteristics  of  the  Thin  Films  Determined  by  AFM  and  GISAXS 


sample 

Mtot/  [g  mol-1] 

/  PEtOx^ 

d-spacingc  [nm] 

7-spacing'3  [nm] 

feature  sizec  [nm] 

morphology  and  orientationL,d 

BCPl 

19000 

30 

22.4 

21.5 

13.5  ±  0.9 

cylinders 

BCP2 

17000 

22 

19.6 

19.1 

14.6  ±  1.4 

cylinders 

BCP3 

15000 

12 

18.4 

19.7 

12.7  ±  1.4 

spheres 

BCP4 

12000 

16 

17.6 

18 

10.4  ±  0.9 

cylinders 

“Theoretical  molar  mass;  calculated  based  on  the  molar  mass  obtained  for  the  individual  building  blocks.  ^Volume  fraction  (pPS  =  1.05  g  cm  3,  pPFt0x 
=  1.14  g  cm'3).56  “Determined  by  AFM.  “^Determined  by  GISAXS  (all  cylinders  are  orthogonal  to  the  substrate). 


mol-1)  as  BCP3.  This  leads  to  a  PEtOx  volume  fraction  of  16% 
for  BCP4,  and  the  ability  to  use  the  same  starting  PEtOx  block 
allows  the  effect  of  the  PS  block  length  on  morphology  to  be 
studied  directly.  Similar  to  BCP1  and  BCP2,  AFM  images  of 
the  thin  films  of  BCP4  revealed  the  formation  of  highly  ordered 
hexagonally  packed  cylinders  normal  to  the  substrate  with  the 
d-spacing  of  these  cylinders  being  varied  in  accord  to  volume 
fraction  and  composition  of  each  block  (Table  2). 

To  more  accurately  characterize  the  morphology,  d-spacing, 
and  orientation,  the  annealed  thin  films  were  evaluated  by 
grazing-incidence  small-angle  X-ray  scattering  (GISAXS), 
which  was  carried  out  at  the  9A  beamline  at  the  Pohang 
Accelerator  Laboratory  (PAL),  Korea.  First,  the  requisite  of 
quenching  at  high  humidity  conditions  was  confirmed.  2D 
scattering  results  for  BCP1  at  ambient  humidity  revealed  both 
the  presence  of  first  scattering  peaks  and  disordered  rings, 
whereas  exclusively  Bragg’s  rods  appeared  under  high  humidity 
conditions  (Supporting  Information,  Figure  S3).  These  results 
are  in  full  agreement  with  the  AFM  analysis.  For  BCP1,  BCP2, 
and  BCP4,  the  sharp  Bragg  rods  along  the  q_  direction  of 


thin  films  is  indicative  of  hexagonal  packing  of  cylindrical 
microdomains  oriented  normal  to  the  film  surface  (Supporting 
Information,  Figure  S4).  For  BCP3,  it  was  found  that  the 
scattering  intensity  was  significantly  lower  than  other  samples. 
This  can  be  attributed  to  less  surface  dimples,  as  we  note  that 
BCP3  contains  only  12%  volume  fraction  of  PEtOx,  which  is 
more  likely  to  exhibit  a  spherical  morphology  as  deduced  from 
the  AFM  images.  According  to  in-plane  scattering  analysis,  the 
first-order  peaks  were  located  at  q^  =  0.304  nm-1  (BCPl), 
0.328  nm-1  (BCP2),  0.319  nm-1  (BCP3),  and  0.347  nm-1 
(BCP4)  along  the  qz  direction.  Determined  by  Bragg’s  law,  the 
d-spacings  of  the  BCPs  are  21.5  nm  (BCPl),  19.1  nm  (BCP2), 
19.7  nm  (BCP3),  and  18  nm  (BCP4),  which  are  in  good 
agreement  with  the  values  obtained  by  AFM  (Table  2).  Due  to 
the  presence  of  higher-order  scattering  peaks,  the  annealed 
polymer  thin  films  were  assigned  hexagonally  packed  structures. 
It  should  be  noted  that  this  behavior  is  analogous  to  PS-b-PEO 
systems  with  similar  volume  fractions  of  the  PEO  block,  albeit 
with  smaller  feature  sizes. 
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PEtOx  has  been  shown  to  be  a  versatile  domain  component 
for  BCP  lithography.  The  ease  of  synthesis,  lack  of  crystallinity, 
and  strong  phase  segregation  allow  for  the  fabrication  of 
ordered  thin  films  with  tunable  sub-20  nm  feature  sizes  and 
sub-20  nm  periodicity.  A  family  of  PS-fi-PEtOx  BCPs  with 
varying  total  molar  mass  and  volume  fractions  of  PEtOx, 
representing  the  minor  component,  could  be  readily  prepared 
using  a  modular  “click”  approach.  AFM  and  GISAXS 
measurements  revealed  a  strong  dependency  of  the  morphol¬ 
ogy  on  the  PEtOx  volume  fraction.  Analogous  to  PS-b-PEO, 
annealed  thin  films  displayed  hexagonally  packed  cylindrical 
microdomains  oriented  perpendicular  to  the  surface  without 
prior  neutralization  of  the  surface  or  incorporation  of  a  labile 
linker  between  both  blocks.  However,  unlike  PS-b-PEO,  smaller 
feature  sizes  could  be  accessed  since  phase  segregation  at  low 
molecular  masses  is  maintained  due  to  the  increased  repulsion 
energy  between  the  blocks. 
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